The aquifer of Manukan Island of Borneo, Malaysia had been found to be affected by seawater intrusion associated with excessive groundwater exploitation. This research attempted to characterize the chemistry of an impacted zone in the island using factor analysis (FA), cluster analysis (CA) and a hydrochemical model package (PHREEQC). The factor scores were used to plot the spatial map and to group the relationships among the monitoring wells using CA. The results of FA analysis revealed that the three main processes associated with the seawater intrusion event are aquifer salinization, cation exchange process and redox sequences. Output from the PHREEQC simulation was used to support the findings from the multivariate analysis.
INTRODUCTION
The interpretation of hydrochemical data of groundwater samples collected from different sampling locations is hampered due to a few reasons. The reasons include the difficulty to visualize, consider only the major and minor ions with equal emphasis to interpret the group of variables to evaluate the chemical nature of groundwater and evaluate the geochemical relationships that may exist using normal histograms, scatter plots and trilinear diagrams (Yammani et al. ) . The multivariate statistical technique is deemed to be the best approach to avoid misinterpretation of large amounts of complex environmental data (Simeonov et al. ) .
Multivariate statistical methods have been widely used in drawing meaningful information from masses of environmental data and have often been used in exploratory data analysis tools for the classification of samples Multivariate statistical techniques, FA and CA are effective means of manipulating, interpreting and representing data concerning groundwater pollutants and geochemistry (Lu et al. ) . In the last decade, multivariate statistical techniques have been applied to characterize and evaluate the quality of groundwater.
The effectiveness of this technique in groundwater chemistry discrimination over the traditional Piper and Stiffs diagrams stems from its ability to reveal hidden intervariable relationships. The use of this technique also allows the use of virtually limitless numbers of variables, thus trace elements and physicochemical parameters can be part of the classification parameters. By its use of raw data as variable inputs, errors arising from close number systems are avoided. Since elements are treated as independent variables, the masking effect of chemically similar elements that are often grouped together is avoided (Dalton & Upchurch ) .
The use of FA and CA has several advantages that overcome these limitations and, in the present study, this technique is an adequate tool to investigate the principles of interaction of components and their integration into a system. Since the aquifer systems are characterized by inherent variability (natural, anthropogenic, spatial/ temporal), a combination of FA and CA is used to reveal their relations, the limits and hierarchy of the interaction between the components. Such applied statistical analyses to the environmental data were demonstrated clearly as a method in identifying the processes that could be affecting the chemistries of the 
).
When the groundwater has been severely salinized, it implies that the groundwater salinization may have been caused by heavy pumping rather than natural processes, as the natural process may take a longer time to salinize the aquifer. In this case, other important factors should also be considered. Therefore, this study is to identify and evaluate the main factors affecting the groundwater quality as well as other minor processes. A hydrochemical model was used to analyze and validate the groundwater chemistry process in the aquifer and this information indeed is very useful for understanding the dynamic and threatened small tropical island's environment. This study may contribute much to the limited data and information on relationships between the status and trends of physicochemical parameters as evidence of seawater intrusion into shallow aquifers of small tropical islands, especially in Malaysia. Figure 3 . At present, Manukan Island relies on this shallow aquifer for its groundwater supply. Dug wells are used for extracting groundwater from its sandy aquifer. The wells have a diameter of 150 cm and depths between 55-78 cm from ground surface level (g.s.l). The wells are operated and controlled from a pump house and managed by the resort's operators. The water from the wells is pumped automatically using a water pump that was installed with a water level meter. The water from the wells is pumped into a storage compartment located near to the pump house before it is drained to the main water tanks situated on the hill. However, an explanation of the groundwater flow system, including reduced groundwater levels and pumping rates, is not significant since this study focuses on the geochemical processes in smallisland groundwater. However, according to Abdullah (), the high relief area acts as a recharge area, with the groundwater flow directed downwards to low lying areas. Based on these criteria, all the groundwater samples were found to be within the ratio of 1.0 to 1.2. The excellent agreement between calculated and measured TDS means that the data collected were internally consistent and correct. Thus, the data were then processed with further statistical analyses. Overall, the analyses procedures adopted in this study were based on the methods described in APHA ().
MATERIALS AND METHODS

Data analysis
Available data obtained in this study consists of a relatively large number of analysed samples (n ¼ 162) and involved 13 parameters. Preliminary work was done on the data matrix which included the assembling and transformation of the data. Data which were below the detection limit were complemented with values equal to half the detection limit. parameters were primarily evaluated using Spearman's R coefficient, a non-parametric test that is often used to evaluate the correlation structure between water quality observed parameters with non-normal distributions, as suggested by Wunderlin et al. () .
The principal objective of this applied statistical method is to characterize the groundwater environment through discretization of the groundwater hydrochemical system into a limited number of hydrochemical regimes; and the factor scores are also estimated for use in the CA. In this study, factor scores were obtained by the regression method (R mode) for interpreting commonly collected groundwater quality data in terms of specific hydrochemistry processes.
The CA was performed to understand the groundwater hydrochemical system through discretization of the study area into groundwater zones using the factor scores computed from the FA approach. Since the inclusion of unnecessary and mutually dependent variables often makes the understanding of the principal background hydro- found that decreasing freshwater storage and mixing of seawater and freshwater were due to irregularities in the patterns of recharge rate and overpumping. Aris et al. The hydrogeochemical saturation indices (SI) were computed using the PHREEQC geochemical modelling program in order to assess the state of equilibrium between groundwater and the minerals present, in particular calcite, aragonite and dolomite (Parkhurst & Appelo ) . The output from the PHREEQC simulation was then used to validate the geochemical processes that occurred in the aquifer. SI is defined as log (IAP/K sp ), where IAP is the ion activity product and K sp is the equilibrium solubility product. Table 1 summarizes the techniques used as well as its application.
RESULTS AND DISCUSSION
Factor analysis Table 2 shows the descriptive statistics for all analysed parameters and the distribution of major ions of the studied area is shown in Figure 4 . Eigenvalues of three factors were extracted from the obtained analytical data as they (Table 3) . Complex variables may have loadings on more than one factor, and they make the interpretation of the output difficult and more complex.
Therefore, rotation may be necessary (Praveena ) .
According to Davis () and Praveena (), varimax rotation is to move each of the components to the positions so that projections from each variable onto the component axes are either near the extremities or near the origin. Varimax rotation changes the factor loadings so the original variables have either a high positive or negative correlation (near + 1) with a factor, or correlation, near to zero. The absolute values of factor loadings of over 0.6 were considered as strong correlation and shaded in Table 3 . This is to elucidate the relationships between the factors and the freshwater. The other was the infiltration of seawater through the beach. As the results of this paper showed, the seawater intrusion occurs in this study area. The highest observed salinity and Cl concentration among the sampling stations were 7.10 ppt and 4099 mg L À1 , respectively. From the spatial factor loading map (Figure 5(a) ), the high F1 score values are indicated by the dark green, representing high salinization areas, and the low score values are shown by the light colour, denoting low salinization areas. F1 has positive factor loadings in PK 4, PK 6 and PK 7 while they are negative in PK 1, PK 2, PK 3, PK 8 and PK 9 ( Figure 6 ). Ground water in the south-east of Manukan (PK 4, PK 6 and PK 7) is more saline than that in other sampling locations. Groundwater in the north-central and western areas of Manukan is less saline since the groundwater in those particular areas receives direct fresh groundwater recharge from the hilly terrain area.
The salinization pattern in all wells agrees with the findings in its salinity trends over F1 scores (Figure 7) . Figure 8 ions are Na and Cl, and sediment in direct contact with seawater due to seawater intrusion will have mostly Na in the 
where X indicates the soil exchanger. Equation (1) was normally observed in the aquifer affected with seawater transition while Equation (2) normally indicates that the aquifer is experiencing freshening, as shown by its Ca-Cl (observed at PK 8) water type. Apart from the observed overall salinization pattern, a minor freshening process of the aquifer can be area while negative loadings only appear in PK 8 ( Figure 5(b) ).
Factor score studies reflect the stationwise variation of the geochemical factors controlling the water chemistry. Scores
showing negative values denote areas essentially unaffected by the said factors while most affected areas are denoted by extreme positive scores and a near-zero score may be considered as areas affected to an average degree to unaffected.
From that, it is clearly seen that all sampling locations were affected by the cation exchange process as shown by its water chemistry composition, with the exception for PK 8. This is attributed to the natural condition of PK 8 where it may not be significantly affected by seawater intrusion since it is an abandoned well. As the groundwater moves from elevated areas, the groundwater in PK 8 becomes more diluted, so the factor scores have gradually reached À0.1.
Factor 3 (F3) has high loadings on Eh (0.941), pH (À0.918) and temperature (0.611) and accounts for 11.83% of the total variance. From the spatial distribution map ( Figure 5(c) ) and from the relationship plot between F3 scores and Eh values ( Figures 6 and 8) , PK 1, PK 2, PK 3 and PK 4 were characterized with positive F3 scores while PK 5, PK 6, PK 7, PK 8 and PK 9 were characterized with negative F3 scores. This factor clearly indicates the interactions of water with the surrounding chemical and biological processes that agree with the aquifer redox sequences. This reduction of groundwater pH values compared to seawater pH values might be due to the natural processes of biological nitrification that produced organic acids from decaying organic matter. The inverse relation between pH and Eh thus explains the redox reactions such as denitrification because these processes raise alkalinity and pH, as can be seen from the rise of pH in the study area which ranges from 6.59-7.97. This can be clearly seen from the negative loading on pH and high positive loading on Eh As the equilibrium is significantly affected by temperature and pressure, it obviously changes the pH. However, since the HCO 3 parameter is not included in the F3 factor and its correlation to pH, Eh and temperature is low and insignificant (r ¼ À0.074, r ¼ 0.245 and r ¼ À0.006, respectively), it is concluded that seawater intrusion as the main process that controls the chemistry of Manukan Island's groundwater has an insignificant impact on the chemistry of HCO 3 in the groundwater and therefore may only reflects its equilibrium conditions. This equilibrium condition may be controlled by the temperature of the groundwater. The temperature of groundwater recorded during this study ranged from 26.3-29.0 W C. A higher temperature of seawater compared to the groundwater of the island, with a small difference of between 3.2-4.1 W C, was observed during the study period. Such a high temperature reflected the impact of environmental disturbances on the groundwater system of the small island. The rise of the groundwater temperature could be attributed to the intrusion of seawater of a higher temperature from the sea into the aquifer or could be an indication of larger ground exposure to direct sunlight as a result of lesser vegetation on the island, especially on the low relief side (study focused).
Cluster analysis
Three main clusters are identified from nine sampling stations using CA -Group 1, Group 2 and Group 3 ( Figure 10) as well as the relationship between factor scores obtained from FA analysis and groups for each wells (Table 4 ). From the CA result, Group 1 includes sampling stations PK 2, PK 5 and PK 7, representing the groundwater quality having similar conditions. From the well locations, it clearly shows that the three sampling stations lie along the same groundwater flow line (Figure 11 ). Since PK 2 served as a major well for supplying water to the chalets nearby where pumping activity was carried out extensively over a decade, the movement of seawater may contaminate wells along the flow line (PK2, PK 5 and PK 7). This may explain why the three wells have similar groundwater chemistry conditions. Wells located near to the coast are not affected and belong to the same proximity group. It is because these wells are abandoned and no pumping activities were done which allows the seawater to intrude into the fresh groundwater wedge. Group 2 contains only sampling station PK 8 with a high score in F3, revealing the groundwater having a major impact from redox sequences as discussed previously. However, Group 3 includes the remaining sampling stations (PK 1, PK 3, PK 4, PK 6 and PK 9) and exhibits more complicated structures in the groundwater chemistry. Group 3 was further divided into two groups -Group 3:i and Group 3:ii. Sampling stations in Group 3:i have high scores in F1 and F2, but are considerably different for F2, especially for the mild cation exchange process in sampling station PK 6 which is the last to be combined into this group. Group 3:ii possesses high scores in F3 but low scores in F1 (less saline intrusion).
Hydrochemical modelling analysis
From the calculation, most of the groundwater samples are at or close to/above saturation with respect to calcite and dolomite ( (Table 5 ). The increase of Ca concentration in the groundwater samples that was also observed during the study period was probably not due to calcite dissolution since HCO 3 did not increase much when compared to the overall data. Such a weak correlation (r ¼ À0.103) among major anions and cations reveals that dissolved salts from seawater had an insignificant impact on the HCO 3 concentration in the groundwater.
Thus, the effect of seawater intrusion which was manifested by the PHREEQC output validated the factors controlling the groundwater chemistry of the study area, especially on the salinization process and cation exchange process. Ion exchange, related to aquifer salinization, primarily affects the saturation state for carbonate minerals by the release of Ca from the exchanger, which may simulate further carbonate mineral precipitation. From the PHREEQC calculation, the most important geochemical processes are ion exchange where seawater solutes are displacing fresh groundwater ions from the sediment surface and carbonate precipitation (as extended effects from the aquifer salinisation process).
CONCLUSIONS
The salinization process attributed to seawater intrusion, cation exchange process and redox processes are found to be the three main processes that control characteristics of the groundwater in the Manukan Island aquifer. The factor scores calculated for each monitoring well were spatially plotted to illustrate the characteristics of the groundwater and it was found that south-east Manukan is more saline while groundwater in the north-central and western areas of Manukan is less saline since the groundwater in those particular areas received direct fresh groundwater recharge from the hilly terrain area. Three main clusters (Group 1, Group 2 and Group 3) computed from the factor scores identified the interactions among these groups and explain spatially the similar patterns of the groundwater chemistry in the island. Results of common properties determined by the FA approach were further compared with those of similar properties identified by CA. The computation reveals that the variance of the seawater intrusion trait exceeds that of the cation exchange process trait, while the variance of cation exchange process trait exceeds that of the redox sequence trait. Therefore, factor properties with a large variance were identified among wells prior to grouping. Furthermore, based on the hydrochemical calculation, the effects of seawater intrusion on the groundwater chemistry were analysed and validated by the salinization and cation exchange processes manifested from the PHREEQC output.
